It has been widely reported that glass formation improves in Zr 62 Cu 20 Ni 8 Al 10 alloys when small amounts of Ti are substituted for Zr. Glasses containing greater than 3 at. % Ti crystallize to a metastable icosahedral phase, suggesting that Ti enhances icosahedral short-range order in the liquid/glass, making crystallization more difficult during cooling. However, based on containerless solidification and in situ high-energy synchrotron diffraction studies of electrostatically levitated supercooled liquids of these alloys, we demonstrate that Ti inhibits surface crystallization but neither increases the icosahedral short-range order nor improves glass formation. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2149368͔
During the past decade, glass formation in a variety of multi-component Zr-based alloys has been reported. [1] [2] [3] [4] [5] Of particular interest are the Zr-based bulk metallic glasses, which can be fabricated into intricate parts and may have important technical applications. It is well known that glass formation and stability in these alloys can be greatly influenced by the addition of small amounts of particular elements ͑microalloying͒, which also affects the crystallization products. Crystallization to the icosahedral quasicrystal phase, for example, is enhanced by the addition of O, 6, 7 noble elements such as Ag, Au, Pd, and Pt 8 and transition metals such as Nb, Ta, V. 9 Many of these elements have strong heats of mixing with Zr, 10 suggesting that they encourage the formation of strongly bound icosahedral clusters that give rise to icosahedral short-range order ͑ISRO͒ in the liquid/glass. A similar mechanism has been proposed [11] [12] [13] for the improvement of glass formation due to Ti addition in Zr-Ti-Cu-Ni-Al alloys, presumably because of a higher nucleation barrier for competing crystal phases during cooling. Despite detailed investigations, 14, 15 however, the evidence for this enhanced ISRO remains unclear.
In this letter, we present the results from solidification and in situ high-energy synchrotron x-ray ͑125 keV͒ diffraction 16 studies of supercooled Zr-Cu-Ni-Al alloys that were containerless processed using the electrostatic levitation ͑ESL͒ techniques. 17 High-q diffraction studies of rapidly quenched amorphous ribbons are also presented. These data show strong ISRO in all liquids, independent of the Ti concentration. In contrast with previous reports the ESL studies demonstrate that the alloy made without Ti is a better glass former than those containing Ti. Scanning electron and optical microscopy studies show that surface crystallization is suppressed by the introduction of Ti into the alloy, making it appear that the amorphous samples containing no Ti were crystalline in previous low-energy Cu K␣ x-ray diffraction studies.
Zr 62−x Ti x Cu 20 Ni 8 Al 10 ingots ͑x =0, 3, 5͒ were prepared by arc-melting high purity elemental Zr ͑99.95%͒, Ti ͑99.995%͒, Cu ͑99.999%͒, Ni ͑99.995%͒, and Al ͑99.999%͒ on a water-cooled copper hearth in a high-purity Ar ͑99.999%͒ atmosphere. These ingots were subsequently crushed and portions were quenched in an Ar atmosphere onto a rotating copper wheel to produce amorphous ribbons of 30-50 m thickness. Bulk samples were prepared by injecting the arc-melted ingots into a rectangular wedgeshaped copper mold that was approximately 3 mm in diameter at the top and 50 mm long ͑suction cast͒.
The undercooling and in situ liquid structure studies were made on small spheres ͑2.2-2.5 mm diameter͒ prepared by remelting portions of the arc-melted ingots, using the electrostatic levitation facility ͑ESL͒ located at NASA's Marshall Space Flight Center 17 and the Beamline ESL ͑BESL͒ at the Advanced Photon Source ͑APS, -CAT 6ID-D͒, as described elsewhere. 16, 18 Optical pyrometers ͑Mikron, Infrared, Inc.͒ with a 1.45-1.8 m wavelength range were used to measure the sample temperature ͑relative accuracy of ±1 K͒ as a function of time during free radiative cooling. In addition, high-q ͑up to 20 Å −1 ͒ x-ray diffraction studies were made on the quenched amorphous ribbons. The structure factors, S͑q͒, were derived from the data, correcting for absorption, multiple scattering and Compton scattering contributions by using the PDFGetX2 analysis package. 19 Structural and compositional information from all samples was obtained from transmission ͑JEOL 2000FX TEM͒ and scanning ͑Hitachi S-4500 SEM͒ electron microscopy. For the optical and SEM studies, the samples were sectioned, polished, and etched with a solution of 25 g CrO 3 +40 ml HNO 3 + 4 ml HF+ 70 ml H 2 O. Figure 1 shows the x-ray structure factors, S͑q͒, for the rapidly quenched amorphous samples ͓Fig. 1͑a͔͒ and the levitated droplets at a supercooling of approximately 90 K a͒ Author to whom correspondence should be addressed; electronic mail: thkim@hbar.wustl.edu below the liquidus temperature ͓Fig. 1͑b͔͒. The rapidly quenched ribbons show a distinct shoulder on the high-q side of the second peak in S͑q͒ ͓Fig. 1͑a͔͒ in agreement with previous experiments; 15 this is generally taken to signal the presence of ISRO. 18 The diffraction patterns from all of the supercooled liquid Zr-Ti-Cu-Ni-Al alloys also show this distinct shoulder ͓Fig. 1͑b͔͒, independent of the Ti concentration. These data indicate that there is no significant difference in the ISRO in the supercooled alloys as a function of Ti, hence it has no impact on glass formation, in conflict with earlier speculations. [11] [12] [13] Further, primary crystallization to the icosahedral phase due to Ti addition is presumably because of a Ti-induced change in the relative free energy curves of the liquid/glass and potential crystallizing phases, and not due to enhanced ISRO, as was previously speculated. Figure 2 shows the free-radiation-cooling curves from far above the liquidus temperature ͑Ϸ1100 K͒ for levitated liquid droplets of Zr 57 Ti 5 10 alloy was cooled to a solid glassy state without crystallization ͓Fig. 2͑b͔͒. The higher vacuum and capability for containerless processing in ESL allow the critical quenching rate for glass formation to be better determined than by other techniques, in which heterogeneous nucleation on the sample holder can obscure the fundamental homogeneous-nucleation-based limit. Contrary to previous reports of improved glass formation with the addition of Ti in suction-cast alloys, for the slower cooling rates in the ESL cessed in the ESL ͓Fig. 3͑d͔͒ from that present in the portions of the arc-melted sample that were not in contact with the hearth ͓Fig. 3͑a͔͒ indicates that surface crystallization is also likely related to the oxygen of the processing atmosphere. The mechanism by which Ti suppresses surface crystallization is unclear at present. Based on TEM and SEM energy dispersive x-ray studies, the chemical concentration is spatially uniform in all glasses; there is no measurable segregation of Ti to the surface in the alloys made with Ti. Further, if the function of Ti is primarily to remove oxygen, it is difficult to understand how Ti could be a more effective getter than Zr.
In summary, based on containerless solidification and in situ x-ray diffraction studies of electrostatically levitated supercooled liquids of Zr 62−x Ti x Cu 20 Ni 8 Al 10 and its amorphous solids, we find that ͑1͒ Ti plays no significant role in improved glass formation by enhancing the ISRO in the liquid and ͑2͒ alloys made without Ti have a lower critical cooling rate for glass formation, in contradiction with previous reports. This difference can be explained in the light of the present observation of a significant suppression of surface heterogeneous nucleation in these alloys with the addition of Ti. 
